A novel category of variable tandem repeats (VNTR) called mycobacterial interspersed repetitive units (MIRUs) has been identified for Mycobacterium ulcerans (n ‫؍‬ 39), M. marinum (n ‫؍‬ 27), and one related organism. Fifteen MIRU loci were identified in the genome of M. marinum and were used to genotype M. ulcerans, M. marinum, and an M. marinum-like organism that is considered a possible missing link between M. marinum and M. ulcerans. Seven MIRU loci were polymorphic, and locus-specific PCRs for four of these loci differentiated seven M. ulcerans genotypes, four M. marinum genotypes, and a unique genotype for the missing link organism. The seven M. ulcerans genotypes were related to six different geographic origins of isolates. All isolates from West and Central Africa, including old and recent isolates, belonged to the same genotype, emphasizing the great spatiotemporal homogeneity among African isolates. Unlike the M. ulcerans genotypes, the four M. marinum genotypes could not be clearly related to the geographic origins of the isolates. According to MIRU-VNTR typing, all M. ulcerans and M. marinum isolates of American origin were closely related, suggesting a common American ancestor for these two pathogenic species on the American continents. MIRU typing has significant potential value for discriminating between reoccurrence and reinfection for M. ulcerans disease.
Mycobacterium ulcerans causes Buruli ulcer (BU), a disease that represents, after tuberculosis and leprosy, the third most common mycobacterial disease in humans (23, 27) . BU has been observed in many tropical areas, but most patients have come from Central and West Africa and Australia (5, 11, 27) . Epidemiologically, the disease is associated with riverine and swampy terrains (27) . BU is a devastating disease characterized by necrotizing, ulcerative lesions of subcutaneous tissues and the overlying skin. The main specific genomic characteristics of M. ulcerans are the IS2404 element (34) and a 174-kb plasmid(s) that houses the genes for mycolactone, a polyketide toxin (39) . M. marinum causes infections in humans and in fish (7, 31) . Large outbreaks of infection due to M. marinum have been described in association with swimming pools (swimming pool granuloma) (42) and fish tanks (fish tank granuloma) (13, 14, 17, 19) . M. ulcerans and M. marinum, once cultured, are readily identified by conventional mycobacterial characterization methods (46) . Various DNA-based techniques have been used to type mycobacteria (6, 33, 35) . Such studies have demonstrated a close taxonomic relationship between M. ulcerans and M. marinum, although M. ulcerans harbors IS2404 and M. marinum does not (34) . Recently, however, IS2404 was found in an unusual mycobacterial isolate with phenotypic properties closely related to those of M. marinum (4) .
Previous studies showed limited genotypic diversity in M. ulcerans, especially among isolates from a given geographic region. PCR-restriction profile analyses of 16S rRNAs showed four different genotypic profiles of M. ulcerans, i.e., the African, Southeast Asian, Mexican, and South American profiles (3) . Amplified fragment length polymorphism clearly separates M. ulcerans from M. marinum but has limited use for intraspecies differentiation (3) . Sequencing of the 3Ј end of the 16S rRNA (30) categorized M. ulcerans into the following five types based on the continent of origin: one African type, one Australian type, one Mexican type, one Asian type, and one South American type. IS2404 restriction fragment length polymorphism (RFLP) fingerprint subtyping divided M. ulcerans isolates into six groups related to six geographical regions, including Africa, Australia, Mexico, South America, Asia, and Southeast Asia (2) . Using 2426 PCR, Stinear et al. (36) recognized nine distinct profiles among M. ulcerans isolates that correlated with their geographic origins.
New molecular markers need to be explored for the development of more discriminatory typing methods. Tandem repeats (TRs) represent polymorphic structures in the genomes of highly monomorphic species such as Bacillus anthracis and Yersinia pestis (18) . Recently, novel groups of TRs called mycobacterial interspersed repetitive units (MIRUs), discovered in M. tuberculosis, have been demonstrated to be excellent multilocus genotyping markers (40) . MIRUs are 46-to 100-bp-long sequences that are dispersed in different copy numbers throughout the genome. MIRUs comprise small open reading frames (ORFs) whose extremities overlap those of the contiguous ORFs and are oriented in the same translational direction as that of the adjacent genes. Analyses of the sequences at the insertion sites suggested that MIRUs disseminate by transposition into DTGA sequence sites involved in translational coupling in polycistronic operons (40) . Twelve polymorphic MIRU loci are currently used for the genotyping of M. tuberculosis. MIRUs have also been identified in the M. avium complex and can be used to differentiate M. avium subsp. paratuberculosis from other species of the M. avium complex (1) .
For this study, we initially identified several MIRU loci in M. ulcerans and M. marinum. We then investigated whether or not MIRU-variable tandem repeat (MIRU-VNTR) typing was suitable for differentiating and subtyping M. ulcerans, M. marinum, and other closely related organisms.
MATERIALS AND METHODS
Mycobacterial isolates. The majority of the isolates included in this study are part of the Institute of Tropical Medicine collection (Table 1) . Based on conventional biochemical methods, a total of 39 isolates were assigned to the species M. ulcerans and 27 were assigned to the species M. marinum (45, 46) . The isolates were also tested for the presence of IS2404 (34) . The M. ulcerans isolates were all collected from patients, except for one (00-1441) which was cultivated from an aquatic insect (Hemiptera) in Benin (4). Eleven M. marinum isolates were of human origin and 16 were from animals. One IS2404-positive human isolate from France (00-1026), considered a possible "missing link" between M. marinum and M. ulcerans (4), was also included in this study. Fresh subcultures of all isolates were made in tubes of Löwenstein-Jensen medium.
DNA extraction. Briefly, 2 loopfuls of bacteria harvested from Löwenstein-Jensen medium were suspended in a sterile tube with glass beads containing disruption buffer (10 mg of beads/ml, 40 ml of 5 M guanidinium isothiocyanate, 1.25 ml of 1 M sodium citrate, 2.5 ml of 10% sarcosyl solution, 0.4 ml of ␤-mercaptoethanol, 2 ml of 0.5 M EDTA, 3.85 ml of mQ), shaken well, and kept at 7°C overnight. One volume of phenol-chloroform-isoamyl alcohol (24/24/1) was added to 600 l of sample, vortexed briefly, and centrifuged for 5 min at 4°C. The supernatant was mixed with 0.1 volume of sodium acetate and 1 volume of isopropanol and kept at 4°C overnight. After centrifugation for 15 min at 4°C, the pellet was washed with 70% alcohol, and after drying, the DNA was resuspended in 1 ml of TE (10 mM Tris, 1 mM EDTA, pH 8.0).
MIRU primer design and PCR. Homologous MIRU sequences, together with corresponding flanking sequences, were identified in M. ulcerans and M. marinum by BLASTn searches against sequence databases for these species, available at http://genopole.pasteur.fr/Mulc/BuruList.html and http://www.ncbi.nlm.nih .gov/sutils/genom_table.cgi, respectively. The contiguous genes were checked on the Tuberculist web server (http://genolist.pasteur.fr/TubercuList). To investigate differences in the numbers of MIRU-TR motifs present in M. ulcerans and M. marinum, we designed MIRU locus-specific PCR primers (matching both species) from the MIRU flanking sequences by using Primer Premier 5 software (PremierBiosoft, Palo Alto, Calif.). The MIRU-specific primers used are listed in Table 2 .
PCR amplifications with all primers were performed in 30-l mixtures containing 1.0 U of HotStarTaq polymerase (QIAGEN, Hilden, Germany), 3.0 l of 10ϫ PCR buffer, 6.0 l of Qsolution, 1.5 mM MgCl 2 , a 200 M concentration of each deoxynucleoside triphosphate, a 0.6 pM concentration of each primer, and 4 ng of sample DNA. Reactions for all primer sets were preceded by 15 min of denaturation at 95°C and consisted of 40 cycles with 1 min of denaturation at 94°C, 1 min of annealing at 58°C, and 1 min of extension at 72°C, with a final extension of 10 min at 72°C.
Samples were visualized and analyzed with a bio-analyzer (Agilent Technologies, Waldbronn, Germany). Amplicon sizes were used to estimate the number of repeats at each locus. Sequencing revealed the actual number of copy repeats. A numerical tree was constructed by use of the unweighted-pair group method using average linkages (UPGMA) algorithm and the categorical coefficient (Fig.  1) . MIRUs are intergenic, and between the corresponding genes of M. tuberculosis and M. ulcerans, four MIRU-VNTR loci (loci 5, 7, 20, and 33) were found in M. ulcerans that corresponded to tuberculosis-MIRU loci (loci 4, 10, 30, and Qub15). The results are summarized in Table 4 , in which the data report the numbers of repeat motifs amplified by each pair of locus-specific primers, resulting in MIRU profiles that are combined across these four loci.
RESULTS

Presence of
A sequence analysis of PCR products obtained after the amplification of two polymorphic MIRU loci (1 and 9) from some of the isolates indicated that they contained at least one copy of an approximately 53-bp type II MIRU motif, as described by Supply et al. (40) . MIRU locus 5 probably contains one 77-bp copy (type I according to Supply et al.) . Type II differs from type I in that it has a 24-bp deletion. In all cases, the sequence of each individual 53-bp copy was homologous to those of the 53-bp MIRUs of M. tuberculosis 2296207 and M. bovis BCG 1173P2. A comparison of the MIRU consensus sequence of the M. tuberculosis complex and the M. avium complex (MAC) with the MIRU sequences found in M. ulcerans is presented in Table 3 .
Typing and genetic relationship of isolates. Table 4 presents the results of MIRU-VNTR genotyping of 39 M. ulcerans isolates, 27 M. marinum isolates, and a missing link isolate from a temporally and geographically diverse collection ( Table 1) . The loci tested varied in their discriminatory abilities. Locus 33 produced five alleles and was the most polymorphic. The least polymorphic loci were loci 7 and 20.
As shown in Table 4 , when MIRU loci 1, 5, 9, and 33 were used in combination, seven distinct profiles were identified for the 39 M. ulcerans isolates, four profiles were identified for the 27 M. marinum isolates, and a unique profile was identified for the missing link isolate. The seven M. ulcerans genotypes were largely grouped according to their geographical origins, with the exception of the Pacific genotype, which contained isolates from PNG, China, Japan, Malaysia, and Australia (Queensland) (profile C [1-1-1-3]). All of the African isolates (n ϭ 22) produced a single profile (E [3-1-1-3]) and constituted the African genotype. For African isolates, we saw no difference between an isolate from an aquatic insect from Benin (00-1441) and isolates from humans. All African M. ulcerans isolates had three copies of MIRU motifs at locus 1 and differed from all other isolates tested. Two different genotypes were produced among the isolates from Australia, namely, the Victoria (D [1-1-1-2]) and Queensland (C [1-1-1-3]) genotypes, corresponding to the southern and northern parts of Australia, respectively. The two Queensland isolates formed part of the Pacific cluster, while the four Victorian isolates had a distinct genotype. Similarly, three different genotypes were distinguished for isolates from PNG, with one isolate having profile B (2-1-1-3), two isolates having profile A (2-1-1-1), and a Allelic diversity and distribution of MIRU allele numbers. Allelic diversity (h) is an indirect index of the heterogeneity of isolates and is a useful index of the discriminatory power provided by the loci under study if the isolates are representative of the population. Based on this study, four MIRU loci (MIRU loci 1, 5, 9, and 33) achieved a high diversity index (h Ͼ 0.5). These MIRU loci were the most discriminant loci. One MIRU locus (MIRU locus 2) had a medium diversity index (h Ͻ 0.5), and MIRU loci 7 and 20 were the least discriminant loci (h Ͻ 0.1).
DISCUSSION
Current typing methods for M. ulcerans are capable of resolving only geographical types and are consequently limited in their discriminatory power. The availability of M. ulcerans genome sequences presents an enormous resource for the identification of potential markers that are useful for indexing polymorphisms within the species. MIRUs are acceptable markers for indexing polymorphisms in M. tuberculosis and M. avium (1, 20) . In this study, we described the first use of MIRU-VNTR typing of a set of M. ulcerans, M. marinum, and missing link isolates. The MIRU sequences found are homologous with those in M. tuberculosis and M. avium and may consequently have the same functional characteristics (1, 20, 40, 41) . This includes the ATGA or GTGA start-stop codon and the putative ribosomal binding site in some MIRU motifs. The ribosomal binding site promotes the efficient and accurate translation of mRNA. Since the primers for amplification anneal in conserved contiguous genes, the MIRU loci in M. ulcerans and M. marinum containing tandem repeat MIRU motifs all occur at identical sites in the common portion of the DNA. Several loci containing MIRUs in M. tuberculosis are involved in biosynthesis pathways, such as those of amino acids, proteins, and cell wall constituents (see Table 2 for their locations in M. ulcerans and M. marinum). Other loci contain genes encoding proteins involved in oxidoreduction.
Unlike the case for M. tuberculosis, the lengths of PCR amplification products from M. ulcerans did not vary by mul- tiples of precisely 53 bp, suggesting the presence of incomplete repeats. The fact that M. ulcerans has a low MIRU repeat copy number at each locus (Table 4 ) may explain the limited polymorphism observed for this species due to fewer chances for insertions or multiplication through misreadings. In M. tuberculosis, MIRU loci with larger numbers of repeat copies offer higher allelic diversities of up to eight distinct alleles (41) . A MIRU locus with one extra MIRU motif repeat has one extra ORF start site. It is not known whether a variation in tandem repeat number results in a different function or change in the expression level of the contiguous downstream gene. Smaller numbers of MIRU motifs have, however, been correlated with a lower degree of immunogenicity of different BCG strains (20) and of the 316F MAP strain (1). MIRU locus 1 is positioned between two genes (scoA and scoB) that are responsible for fatty acid synthesis and degradation and are involved in cell wall synthesis. A shift in the open reading frames, causing them to start earlier or later in a MIRU, may result in a longer or a shorter protein with a slightly different function and a mutated cell wall protein as a result. Together with the presence of a different mycolactone variant, this might explain the difference in virulence between African isolates and isolates from elsewhere in the world. Mycolactone is a polyketide-derived macrolide toxin with cytotoxic properties (9) . Recent studies demonstrated that isolates from different geographic origins produce a heterogeneous mixture of mycolactone variants, suggesting that there may be a correlation between mycolactone profiles and virulence (24) . It also appeared that the genes encoding giant polyketide synthases are situated in a giant plasmid (39) . MIRU loci might be hot spots for transcriptional errors, leading to a faster adaptation to environmental changes than that caused by random mutations. M. ulcerans is well adapted to a variety of natural reservoirs, such as aquatic insects (21, 29) and other aquatic organisms such as fish or snails (8, 28) . This might be due to the protective mininiche that is created by mycolactone (22) . M. ulcerans is a very slowly growing organism and probably remains dormant in its natural environment for long periods. The natural mutation rate should therefore be very low (15) . All African isolates from West and Central Africa, including isolates from the 1960s and more recent isolates, belong to the same genotype. These results correspond to those from other studies using other markers such as IS2404-RFLP (2, 3), the 2426 PCR of Stinear et al. (36) , and the 3Ј end of the 16S RNA gene (30) and emphasize the marked spatiotemporal homogeneity among African isolates. It is an important observation that an isolate from an insect and isolates from humans share a common genotype in Africa.
Using a limited set of loci, we could differentiate two subtypes among Australian isolates (Queensland and Victoria) as well as three subtypes among PNG isolates, with one of the subtypes belonging to the same genotype as the North Australian subtype (Queensland). Similarly, Johnson et al. (16) As with 2426 PCR results, our Pacific genotype C and Victorian genotype D are more related to the African genotype E than to the PNG genotypes A and B.
The discriminating capability of MIRU was somewhat lower than that of 2426 PCR (36), since 2426 PCR obtained different banding patterns for Malaysian isolates, a PNG II isolate (isolate 94-1331), and two isolates from China (98-912) and Japan (ATCC 33728). For these same isolates, we obtained the same MIRU profile.
Using MIRU-VNTR typing and an analysis of four loci, we could differentiate four subtypes among the M. marinum isolates (profiles H, I, J, and K). However, unlike the case for M. (38) , whose comparative genetic analysis revealed a recent divergence of M. ulcerans from M. marinum. This hypothesis is supported by the following observations: (i) IS2404 elements are present in high copy numbers in geographical variants of M. ulcerans (35) but are absent from the closely related species M. marinum; (ii) similar to the occurrence of IS6110 in M. tuberculosis (10) , the microaerophilic growth conditions required for M. ulcerans (25) may play a role in the stimulation of the transposition of IS2404 into the genome of this species; and (iii) MIRU locus amplification was positive for M. ulcerans and M. marinum by the use of identical primers.
Using MIRU-VNTR typing, we could differentiate M. ulcerans from M. marinum and the missing link. The dendrogram in Fig. 1 shows a close relationship between M. ulcerans isolates from North and South America and the five M. marinum isolates from a wild armadillo from Louisiana (26) . All M. ulcerans and M. marinum isolates with American origins are closely related, suggesting that there is a common American ancestor for these two pathogenic species on the American continents.
The isolate 00-1026 (missing link) from France produced a unique profile (L) that differentiates it from M. ulcerans and M. marinum.
In this study, we identified MIRU sequences in M. ulcerans, M. marinum, and the missing link. We showed that MIRU-VNTR typing is capable of differentiating among M. ulcerans, M. marinum, and related species. Intraspecies differentiation, although limited, is thus possible with this method. Unlike 2426 PCR, MIRU-VNTR typing allowed us to compare M. ulcerans, M. marinum, and other closely related organisms, revealing for the first time the relationships between M. marinum and M. ulcerans isolates from the same general geographic areas (the southern part of North America and the northern part of South America).
Recently, mycobacteria that are closely related to M. ulcerans and M. marinum were isolated in the United States from striped bass (12, 32) and from frogs (44) . These isolates, as well as additional M. ulcerans and M. marinum isolates from the United States and other parts of the world, should be investigated for a better understanding of the evolutionary relationships between M. ulcerans, M. marinum, and related organisms.
Besides intraspecies and interspecies differentiation among the M. ulcerans-M. marinum complex, MIRU-VNTR typing is a highly reproducible method that can also be applied directly to clinical specimens. More loci should be investigated to improve its discriminative power.
